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Abstract 
Maintenance, Repair and Overhaul (MRO) is acquiring increasing commercial and socio-economic significance. For products and goods with 
high investment costs and a long lifespan, especially in the sectors of energy and transport, a considerable portion of commercial profits are 
generated by after-sales services. The field has a limited scientific background, despite a high potential in the business sector for technological 
and scientific optimization. This is also shown in the Market and Trend Study: Maintenance, Repair and Overhaul conducted by the Fraunhofer 
IPK in 2011. This study provides number-based and significant information about the market size, the competitive situation and future trends. 
This is where the Fraunhofer innovation cluster MRO in Energy and Transport were applied. Technologies and solutions for the optimization of 
MRO processes were developed in four different fields of innovation. 
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1. Introduction 
An increasingly sustainable handling of resources demands 
a longer lifespan and a higher usage intensity of products.  As 
a result, their profitability is increasing. Combined with the 
growing complexity of machines and systems on the part of 
users as well as operators, this leads to a rising demand for 
services from the field of maintenance, repair and overhaul 
(MRO). This development is certainly true for Germany as a 
location of research and industry. Changes in the field of 
MRO stem from technical and economical optimization 
potentials, achieved by the rising demand of MRO services 
and the concentration on after-sale services by providers of 
MRO activities.   
In the context of the »2011 Market and Trend Study: 
Maintenance, Repair and Overhaul« [1], the current situation 
of the German market has been acquired. At the beginning of 
2011, 1,236 companies which offer MRO services were 
surveyed with an online questionnaire. The survey had a 
return rate of 25 percent.  
2. Results  
In order to develop strategies in the field of maintenance, 
repair and overhaul and to coordinate the choice of products 
accordingly, it is necessary to know the aims for which MRO 
measures are performed. This is illustrated in figure 1. For 
62 %, depicting the vast majority, it is the reliability of 
products undergoing MRO activities which represents the 
main goal of such measures. Behind follows the improvement 
of profitability with 21 % as well as the aim for a higher 
security (9 %), flexibility (5 %) and efficiency of resources 
(3 %).  
Until 2016, the relevance of the above-mentioned goals 
will be increasing. Even though reliability is currently still the 
most significant aim by far, it is the profitability of MRO 
activities which is the aim gaining most in importance over 
the course of the next years for the majority of companies 
(76 %). Nevertheless, most of the questioned companies also 
expect that the significance of reliability (73 %), flexibility 
(67 %) and efficiency of resources (64 %) will be increasing 
as well, Fig. 2. 
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Fig. 1. The aims of MRO measures for 2011 
Fig. 2. The aims of MRO measures for 2016 
 
For the customers of MRO services it is predominantly the 
level of specialization, the flexibility and the advance in 
knowledge of the provider which prove to be decisive. 64 % 
of the surveyed providers pronounce the opinion that their 
high level of specialization is the determining criterion for 
costumers to choose their company. Concerning flexibility, 
49 % approve of this opinion while almost 43 % agree that 
they are selected by the costumers due to their advance in 
knowledge regarding the performance of MRO activities. 
Only 8 % think that costs are very relevant for the choice of a 
MRO provider. 
Regarding the development of MRO-capable products, 
attention is mainly paid to the high flexibility (34 %) and 
quick feasibility (21 %) of future MRO activities. In addition, 
high mobility (18 %) concerning the performance of MRO 
measures and good reusability of components (18 %) play a 
significant role as well. Low costs have almost no influence 
on the development of products with only 2 %. One reason for 
this may be that the costs of future MRO measures will be 
born by the user of the product and not the producer, thus 
providing no incentives for them to minimize the costs, Fig. 3.  
 
 
 
Fig. 3. Criteria of Development in relation to later MRO measures 
 
To remain competitive and satisfy the needs of clients, the 
departments of the providers responsible for MRO work 
together with different cooperation partners in order to 
constantly develop and enhance MRO activities. The most 
important cooperation partners are the own clients (81 % with 
multiple answers allowed) as well as the sales departments 
(60 %) and the suppliers (57 %). Research and development 
departments (46 %) as well as research institutes (44 %) are 
less frequently mentioned. Cooperation with competitors 
(11 %) is relatively unlikely. Generally cooperation is of great 
importance hence demonstrating the significance of a cluster. 
3. Fraunhofer Innovation Cluster MRO 
MRO – maintenance, repair and overhaul has a growing 
economical relevance. In the field of energy and 
transportation in particular, corrosion of materials, vandalism 
or material wear can cause high costs. Especially products and 
commodities with high investment costs and long life spans 
have a great technological and economical optimization 
potential which has barely been considered in scientific 
research. The Fraunhofer innovation cluster »Maintenance, 
Repair and Overhaul in Energy and Transport« addresses this 
problem. It develops technologies for the optimization of 
MRO processes in the following four fields of innovation: 
Condition Monitoring and Diagnosis, MRO Planning and 
Digital Assistance, Cleaning as well as Repair and Overhaul 
Technologies [2]. 
The »2011 Market and Trend Study: Maintenance, Repair 
and Overhaul« [1] illustrates in figure 4 the outstanding 
relevance of repair which represents the biggest proportion of 
the total turnover in the field of MRO for the majority of 
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companies. One reason for this big proportion of revenue in 
comparison to other measures like planning (14 %), testing 
(12 %) and cleaning (7 %) could be the relatively high costs 
of materials, accrued by repair activities, and the integration 
of those other measures into the repair process.  
Fig. 4. Measures of MRO-area on revenue 
 
However, differences become apparent if the respective 
sales share of the different measures is compared to the size of 
the enterprise. Regarding a large business, repair with 78 % is 
well ahead of testing (15 %), planning (7 %) and cleaning, 
whereas the ratio in small and medium companies is less 
pronounced. Half of the revenue is apportioned to repair 
(51 %) but the share of planning (27 %), testing and cleaning 
(each 11 %) is much higher, compared to the larger 
businesses, Fig. 4. 
3.1 Condition Monitoring and Diagnosis 
In the field of innovation »Condition Monitoring and 
Diagnosis«, solutions for status assessments and prognoses of 
the remaining lifespan in order to determine the ideal time for 
maintenance are developed. They are the basis for MRO 
planning and its digital assistance. The condition of a machine 
or a plant can be acquired either in intervals or continuously. 
Opposed to former testing performed by the service staff 
within the framework of inspection tasks, the continuous and 
automated assessment of the system status as well as of 
consequential maintenance activities is prospectively aimed-
at. This continuous condition monitoring mainly requires 
robust, autonomous sensor and monitoring systems that are 
easy to install. The biggest challenge concerning the 
conversion to a condition-based maintenance strategy is the 
automated and continuous assessment of the actual status of a 
plant and its functionally relevant wear parts. To acquire 
status data, sensor systems or signals which are already 
integrated in the plant can sometimes be used. However, often 
it is necessary to install additional sensor technology in 
combination with corresponding intelligent monitoring 
systems. Since the progress of wear is mainly dependent on 
the method of operation and with that, on the workload of the 
machine, it is advisable to also gather the corresponding load 
data during operation in order to correctly evaluate the 
system’s condition. This data particularly influences the 
prognosis of the residual lifespan or the remaining wear 
margin. In the contemplated field of plants for energy 
generation, special requirements regarding the location of the 
plants must be taken into account. Concerning stationary 
systems, this applies in particular to the not so readily 
accessible energy generation plants off-site or even off-shore 
for wind power. In order to realize the required features for 
data recording and evaluation in a condition monitoring 
system, it is therefore expedient to flexibly distribute single 
functions to decentralized or centralized systems as well as to 
provide a suitable infrastructure. Although condition 
monitoring of systems is demanded by different sides, there 
are only vague ideas about the fact which data or signals of 
the system or process must be metrologically monitored in 
order to gain condition-based parameters. Similarly, adequate 
wear models, which would provide a relation between those 
parameters and the current wear condition, are nonexistence. 
Even more difficult is the prognosis of the remaining useful 
life or the probable time of default.  
 
Condition Monitoring for Power Electronics in Photovoltaic 
 
Exemplary for the field of power electronics in 
photovoltaic utilizations, a system for condition monitoring 
and prognosis of lifespan has been developed, implemented 
and experimentally field tested in the project CoMoLeFo. For 
this purpose, real-time parameter monitoring and predictive, 
model-based processes for the assessment of load cycles and 
stress are combined. The main focus is on the IGBT modules 
(Insulated Gate Bipolar Transistors) as they are the key 
components in modern inverters for the processing of solar 
electricity. The results are applicable to all sectors of power 
electronics – considerable potentials reside especially in the 
fields of off-shore wind power, electric vehicles and failure-
critical, servo-controlled drive systems. 
The challenges of this project consist in finding robust 
algorithms that are suitable for pattern recognition, 
classification and prognosis as well as developing a toolbox 
that contains intelligent algorithms based on 
phenomenological wear and tear models. Moreover, the 
project is in need of intelligent and self-sufficient 
microsystems and sensors. In order to meet these challenges, 
first of all, the wear and tear parts have to be identified and 
vital diagnostic features should be determined for which basic 
methods and algorithms are selected and adapted. Afterwards, 
a concept for smart linking of algorithms is generated, thus 
resulting in intelligent and energy-autonomous microsystems. 
A software toolbox for the interactive development of 
condition monitoring applications is one successful result of 
the reviewed project. Some of the highlights of this toolbox 
are that many data formats can be used for input as opposed to 
numerous commercial tools that have strict restrictions 
regarding data formats and that it guides the user by an 
intuitive user interface with a predefined process chain 
through the development process. Furthermore, it can be 
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extended by the simple integration of additional algorithms 
using XML.  
Another result of the project is a modular microsystem 
which consists of a hardware and software platform for the 
generation and processing of information about the current 
condition of wear of significant structural components. It is 
obvious that those system condition information from 
distributed sensor nodes helps to optimize the operation and 
maintenance of a machine or plant. In addition, the system 
also enables the rapid prototyping of custom-designed 
condition monitoring solutions in hard- and software, based 
on the developed modules. 
 
3.2 MRO Planning and Digital Assistance 
 
The consistency of the digital process chain from product 
development to operation to MRO activities is an important 
foundation for efficient MRO planning and digital assistance. 
In the field of innovation »MRO Planning and Digital 
Assistance«, methods and digital tools for different fields of 
application are developed. Besides a higher level of 
automation in the MRO process, the focus is on adaptivity, for 
instance in the case of concurrent results, as well as on 
increased transparency, time saving and error reduction.  
Equally, work scheduling should be supported by the 
availability of digital data and virtual models. The same is 
true of the engineering in the MRO process, the modular and 
spare part construction in particular. New solutions are needed 
to depict paper drawings, structural components and complex 
products in 3D models at little effort. Systematic and 
requirement-oriented MRO planning and assistance as well as 
faster reactions to changing product conditions are approaches 
towards lower costs. Moreover, in addition to a faster and 
flawless performance of MRO processes, machine downtimes 
and training times could be reduced with a global MRO 
inventory management. In the typical case of missing product 
information, these could be generated with the technologies of 
reverse engineering. Virtual technologies and applications for 
mobile devices enable the provision and recording of all 
MRO-relevant information, directly in the workshop or field. 
Furthermore, digital condition-based product and factory 
models facilitate an adaptive MRO process planning and 
operation. A consistent and user-friendly data management 
renders a continuous information management between MRO 
processes and systems engineering possible. Requirements for 
the supporting technologies are mobility, comprehensibility of 
processes, adaptivity, user-friendliness and digital 
consistency. In order to improve efficiency, digital 
technologies which are already successfully applied in 
product development are transferred to the field of MRO. This 
should particularly enable the utilization of product data from 
upstream engineering processes. Overall, MRO data should be 
used to deduce insights for product and service improvements.  
The objective of this project is a model-based MRO 
planning and assistance. The consistent usage of information 
from the (digital) product structure as well as the utilization of 
digital, geometric product models contribute predominantly to 
this aim. Systems of product lifecycle management (PLM), 
tools of factory planning and simulation, technologies of 3D 
measurements of reverse engineering and applications from 
the field of augmented reality (AR) are employed as key 
technologies.  
 
Condition-based Digitalization of Products 
 
The planning and performance of MRO activities cause, 
particularly with machines and plants that have no digital 
models or data, a significant manual effort. Reasons are often 
a lack of knowledge about the product status as well as the 
poor transparency of MRO documents. For instance, this is 
true for turbines in energy and transport, generators and 
compressors, production systems and plants as well as rail 
cars. Here, an automated diagnosis, planning and 
implementation of MRO measures can result in a considerable 
economic advantage. The foundation for this automation is 
the demand-oriented provision of a digital illustration of the 
products to be maintained. Until now however, this digital 
illustration of complex systems without models processed by 
IT systems has been taken place to a very limited extent and 
has not considered any component or system structure.  
The aim of this project is the development and prototypical 
implementation of a reverse engineering process to efficiently 
and effectively support MRO processes. The aimed-at process 
generates digital models of complex products and systems 
fully automatic and prepares the data for processing with 
regard to information technology in PDM and MRO planning 
and assistance systems. An important part of this process is 
the identification of structural components and component 
groups as well as their relation to each other. This results in a 
flexibly modifiable and applicable geometry and product 
structure model of a machine or system which depicts the 
current product status. The model can be used as a basis for an 
IT-based MRO planning and implementation. The yet to be 
developed reverse engineering process consists of three main 
phases. In the first phase, the geometry of the considered 
product is digitalized by means of either a 3D scan or a 
computed tomography (CT). As the circumstances may 
require, it is possible to acquire only individual, interesting 
sections. In the course of this, the prospective methodology 
considers the choice of technology, the preparation of the 
product, the effort for disassembly and the processing of data 
from the point cloud to the polygon model through to the 
parametric model. The entire geometry model will be 
analyzed in the second phase by separating the structural 
components partly-automated. This is effected by means of 
surface and edge detection algorithms in 3D scans or grey-
scale analysis in CT data. The individual components will be 
compared and identified with the help of a shape search 
process with a component library. The result of the second 
phase is a modifiable assembly model including the 
corresponding component parts and a parts list. In the third 
phase, relations between component parts in the assembly 
model will be analyzed using graph-theoretical approaches, 
resulting in setting up a product structure in a PDM or MRO 
planning and assistance system.   
Within the scope of this project, a software prototype is 
developed with which it is possible to digitally disassemble a 
3D-scanned product into its component parts. A car’s 
generator is digitalized as a test object. The implemented 
algorithms are based on curvature region segmentation and 
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boundary rectification processes. These algorithms are applied 
three times in order to identify all individual parts of the 
generator. One challenge consists in finding appropriate 
parameter values to define the algorithm. At present, the 
parameters are determined by the visual control of the user. 
The user changes parameter values with sliders until the 
visual result is satisfactory. Future research will be concerned 
with automated definition of parameter values. In a following 
process stage, the segmented component parts will be used in 
order to identify the corresponding CAD components in a 
database, applying a geometric similarity search.   
 
3.3 Cleaning 
 
The cleaning of machines and plants plays a central role in 
the MRO process. In the context of maintenance and repair, 
cleaning procedures are applied in almost all industrial 
sectors. Of particular importance are the fields of transport 
(automobile manufacture, aviation, rail transport) and energy 
(mechanical engineering, turbine manufacturing, power 
plants, energy systems). The goals and requirements of the 
cleaning of machines and plants can be divided into visual, 
preventive and functionally relevant. Besides the high 
processing, conditioning and disposal costs of aqueous, 
chemical and mechanical cleaning processes which are 
oftentimes manually performed, impairments of the 
environment, of the health of workers and of the cleaned 
components are likely to occur. In recent years, conventional 
cleaning procedures have been criticized by the public and the 
increasingly stricter case laws. On that account, the 
application of flexible and eco-efficient cleaning processes 
has taken on greater significance. In addition, newly 
developed and adjusted cleaning technologies are able to 
reduce stoppages and downtimes. Cleaning is part of the 
maintenance process and thus mandatory for ensuring a 
flawless operation. Nevertheless, a flexible, mobile and 
appropriate industrial manufacturing equipment as well as 
knowledge of the processes and solutions for automation are 
lacking for numerous of these important tasks. 
 
Development of a Portable Cleaning and Repair Tool for On-
Wing Maintenance 
 
The requirements concerning the availability of aviation 
technology, for example for turbines, rise constantly. 
Pollution or wear in operation necessitate regular maintenance 
work on the engine. Due to temporal and economic reasons, 
those should mainly be performed on-wing. To that end, 
adequate and appropriate industrial manufacturing equipment 
and processes are essential to perform this kind of work.  
Concerning the on-wing exposing of cooling holes, a 
technical solution (TRL 4) should be developed that facilitates 
the exposing of cooling holes of HPT1 nozzle guide vanes via 
the combustion chamber. Therefore, appropriate cleaning 
procedures for the exposing are analyzed and suitable 
manipulation methods selected, resulting in the development 
of a new miniaturized device which is a flexible tool.  This 
new tool is capable of the on-wing exposing of cooling holes 
through burner ports or boroscope holes and renders an 
exposing by a high-pressure fluid jet.  
In comparison, for the on-wing restoration of liners in the 
HPC section, a technical solution needs to be developed that 
makes this restoration of the HPC-rotor liner possible through 
a small boroscope entrance. Hence, a sprayable repair 
material as new miniaturized MRO equipment for the on-
wing application of a new coating is developed and verified 
with specifications regarding the original liner material. 
Moreover, the new sprayable repair material is successfully 
tested by high-speed rubbing tests, fulfilling most of the 
requirements.   Both of the presented new technologies enable 
on-wing maintenance without demounting of the engine or a 
formerly necessary shop visit. Being flexible and fast 
operable, they also considerably extend the life cycle of an 
engine. 
 
3.4 Repair and Overhaul Technologies 
 
Cost-intensive machines and plants usually do not yield a 
profit until they are used over a long period of operation. To 
guarantee this lifespan, worn components have to be repaired 
or spare parts have to be manufactured. In terms of high-cost 
components, a repair offers considerable potential savings as 
opposed to a complete replacement. The requirements of new 
repair processes are predetermined by high demands 
concerning the flexibility and adaptivity of the procedure. At 
the moment, those requirements are usually met by manual 
activities. This method, however, is very cost- and time-
intensive and it always contains the risk that the final quality 
is mainly influenced by the employee. An automation of the 
process will contribute to an improvement of productivity as 
well as of quality.  
 
Repair cell for Engine and Turbine Components 
 
Aviation engines and industrial gas turbines are subject to 
an operation-related wear. In this industrial context, so-called 
»patch processes« have been established for the repair of 
engine and turbine components. Here damaged component 
parts are identified, separated and replacements are attached. 
Subsequently, the contour is re-established with mechanical 
procedures. Due to the multitude of necessary work stages 
and all kinds of different damages to component parts, the 
manufacturing process chain of such repairs is understandably 
quite complex.  
The majority of the essential work stages of today’s repair 
process chains are accomplished by manual procedures. 
Partly, mechanical processing is also conducted in NC 
machining centers which were initially developed for the 
manufacturing with medium batch sizes and a high cutting 
efficiency. However, in terms of repair tasks, every 
component requires an individual processing strategy. 
Because of long set-up and break-in periods in combination 
with small quantities of materials that should be cut, the 
productivity of such cost-intensive machines can thus never 
be adequately exploited. Therefore the employment of NC 
machining centers is not really justifiable from an economic 
point of view.  
As mentioned before, repair offers a considerable saving of 
costs as opposed to the replacement with spare parts but it 
also consists of a high proportion of manual processes with a 
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low reliability of individual stages of repair and a low 
reproducibility of intended results. Thus, the overall goal of 
this project is the improvement of the profitability and 
planning predictability of repairs in the field of turbines. 
Furthermore, the analysis of mechanisms of action and 
correlations between manufacturing technologies should lead 
to an increase of reproducibility and automation. A partly-
automated, robot-supported repair cell, in which all necessary 
work stages are integrated, serves as an innovative approach. 
Essential individual technologies will be further developed 
and provided for the repair cell. In the sector of mechanical 
processing, a power-controlled, iterative machining strategy 
will be striven for with which the requested component 
quality can be achieved, even with the comparatively small 
stiffness of the robot.  
Naturally, certain challenges concerning the employment 
of an industrial robot as opposed to machine tools have to be 
taken into account. There is a lower absolute accuracy up to a 
factor of 1000 and a lower mechanical stiffness as well as 
lower path accuracy around the factors of 100 to 1000. In 
comparison to CAD-CAM systems for CNC machines, 
existing path planning systems can only be applied limitedly 
and the dynamic behavior is strongly dependent on the 
position of the robot.  
Nevertheless, concerning individual technologies, robot-
supported test stands are built which enable the examination 
of different processing strategies. For grinding and milling 
procedures in particular, comparisons can be drawn in order 
to determine which procedure stresses the specifics of the 
variants of power- and path-controlled processing. For 
grinding processes, an iterative machining strategy with a 
passively-controlled processing head for a basic convex work 
piece surface is developed which facilitates the elaboration of 
imperfections in form of indentations and notches.  
The adaptation of control and regulating algorithms for the 
force control of milling and grinding processes are completed 
to a great extent. In consequence of procedure-specific 
attributes, different requirement profiles concerning the 
disintegration of process forces, active attenuation as well as 
path accuracy are essential. It is recognized that particularly 
economies of scale in the sector of bearing friction represent a 
special challenge for active force control.  
To summarize, a continuous, partly-automated process 
chain for a prototypical demonstrator cell intended for the 
repair of turbine blades is developed. The suitability of 
several individual processes is attested and partial links are 
already established. In future research, active resilience and 
force regulation as an effective, highly-flexible and economic 
approach to the mechanical processing with industrial robots 
should be developed further. In addition, these results are 
transferable to different (hard) materials and component 
contours, as in the comparison of nickel-based alloys and 
titanium alloys as well as of blades and blisks.    
 
4. Outlook 
 
After the success of the Fraunhofer innovation cluster 
MRO, the Fraunhofer innovation cluster »Life Cycle 
Engineering for Turbomachines« has been launched in 
December 2012. It concentrates on the holistic consideration 
of materials and technologies for turbomachines in the fields 
of aviation and energy. Prospectively, the cluster region 
Berlin-Brandenburg will play a special role in the new cluster.  
Turbomachinery producers in the fields of aviation and 
energy generation are obliged to meet future challenges 
concerning resource conservation, profitability and aviation 
safety. Due to the climate change, energy policy framework 
requires the reduction of CO2 emissions as well as a higher 
proportion of renewable energies. The latter calls for more 
flexible load changes of fossil power plants and, by 
implication, of turbomachines. Furthermore, the increasing 
scarcity of resources concerning materials and fuels 
constitutes another important challenge. In addition to the 
reduction of emissions, the aviation programs ACARE 2020 
[3] and FLIGHTPATH 2050 [4] demand an increase of 
profitability regarding the operation of airplanes as well as an 
improvement in aviation management and safety. In order to 
meet these challenges, industry and science have united in the 
Fraunhofer innovation cluster »Life Cycle Engineering for 
Turbomachines«.  
The established concept of »Life Cycle Engineering« 
(LCE) looks at all life phases of a product: In terms of 
construction, production, operation as well as reuse and 
recycling of the primary materials, it is always necessary to 
include economic, environmental and technical framework 
conditions. The comprehensive life cycle approach is 
especially relevant for products with a high investment 
volume and a long lifespan – as, for example, turbomachines. 
This approach is able to answer the claim for higher 
efficiency and lower costs with the simultaneous 
improvement of environmental sustainability. 
The aim of the new Fraunhofer innovation cluster LCE is 
therefore to transfer the concept of Life Cycle Engineering to 
turbomachines: energy-efficient and resource-conserving 
technologies shall be provided for all life cycles of 
turbomachines. The focus of the cluster is on engines in the 
aviation industry on the one hand and gas turbines in the 
energy generation industry on the other hand. 
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